We examine the relationship between Chinese aggregate production and consumption of three main energy commodities: coal, oil and renewable energy. Both autoregressive distributed lag (ARDL) and vector error correction modeling (VECM) show that Chinese growth is led by all three energy sources. Economic growth also causes coal, oil and renewables consumption, but with negative ownprice effects for coal and oil and a strong possibility of fuel substitution through positive cross-price effects. The results further show coal consumption causing pollution, while renewable energy consumption reduces emissions. No significant causation on emissions is found for oil. Hence, making coal expensive both absolutely and relatively to oil and renewable energy encourages shifting from coal to oil and renewable energy, thereby improving economic and environmental sustainability.
JEL classifications: C22; Q43, Q48

Highlights
•
Long run bi-directional causality is found between energy consumption of all three types and economic growth.
• Uni-directional causality is found running from coal consumption to pollutant emission, while the causality from oil or renewable energy to emission is insignificant.
• Long-run positive and significant impact of coal consumption on pollutant emission, while corresponding impact for renewable energy is negative and significant and for oil is insignificant.
• Negative own-price elasticities and positive cross-price elasticities are found for coal and oil, while no specific price elasticities for renewables are estimated due to lack of suitable data.
• Overall, results suggest good prospects for substitution from coal and oil to renewable energy by increasing fossil fuel prices.
Introduction
Climate change, geopolitical tensions and recent nuclear accidents have increased concerns about energy supply security and environmental impacts associated with energy production and consumption. As a result, several countries are currently proposing strong energy substitution policies and radical energy conservation measures. In this setting, it is important to assess the prospects for success of those policies, including potential impacts on economic growth (Goldemberg & Lucon, 2010) .
Despite the emergence of a bourgeoning literature on the nexus between energy consumption and economic growth, consensus remains elusive. Some of the probable reasons for not having any consensus in this area are using different data sets, alternative econometric methodologies and different countries' diverse characteristics (Ozturk, 2010) .
Studies identifying the relationship between energy consumption (both at aggregate and disaggregate levels) and output primarily take two different approaches. The supply-side approach analyses the contribution of energy consumption in economic activities within the traditional production function framework (see, Stern, 2000; and Oh & Lee, 2004) . The demand-side approach analyses the relationship between energy consumption, gross domestic product (GDP) and energy prices in a tri-variate energy demand model (see, Asafu-Adjaye, 2000; and Rafiq & Salim, 2007) . All previous studies in this field follow one or the other of these two approaches and, on that basis, devise energy conservation policies. Application of both models concurrently potentially provides more robust estimates and more meaningful policy implications.
Fuel substitution is an energy policy instrument that can enhance sustainable development. To reduce global warming many countries are considering substituting oil, natural gas or renewable energy for coal, as coal exerts the most detrimental impact on environment. Hence, an empirical study analyzing this substitution prospect is warranted. To undertake meaningful policy insights in this regard this paper includes coal, oil and renewable energy in applying a combined supply-side and demand-side approach to Chinese data. We then discuss the possibilities for energy conservation and fuel substitution between coal, oil and renewable energy. Coal and oil have been selected as they are two major energy sources for the Chinese economy right at this moment and both have good price data available. Although prices of renewables are not available, we have included renewables consumption data and endeavor to infer the substitution possibilities.
Why is China a suitable case study? China has been on the 'news' for its spectacular GDP growth as well as high energy demand (particularly crude oil and coal) in recent years.
China is the largest producer and consumer of coal in the world, and accounts for almost half of the world's coal consumption. Oil consumption in China is growing very fast in recent years and China is the second-largest consumer of oil behind the United States (EIA, 2014) .
Also China is widely blamed for high pollutant emission by media and civil society all around the world. Based on the amount and growth potential of demand for energy in the Chinese economy, it is now time to search for causal relationships between various forms of energy consumption and national output (GDP) in China and also for possible substitutability among the three major energy sources for environmental sustainability, coal, oil and renewables.
This paper adds two distinctive contributions to the existing literature. First, this is one of the very first papers to investigate the growth, energy and emission linkage in China by including oil, coal and renewable energy consumption to reach to robust energy conservation policy implications. Second, we examine fuel substitution relationships in China using advances in time-series methodology.
The rest of the paper is structured as follows. The next section presents an overview of the energy consumption profile of China. The third section provides a summary of findings on the relationship between energy consumption and economic growth in the last decade, Section 4 introduces the theoretical framework used in this paper, while description of data sources and methodologies are presented in Section 5. Section 6 presents the empirical results. Conclusions and policy implications are given in the final section.
Energy Consumption in China: An Overview
The Chinese economy has experienced phenomenal growth over the last three decades. Since the initiation of market reforms in 1978, China's growth has been about 10% per annum (World Bank, 2013) . Being the world's most populous country with a population of over 1.3 billion, this rapid economic growth has enabled China to lift more than 600 million people above the absolute poverty level. However, with strong economic growth, China's demand for energy, particularly for coal and oil has been surging, as has China's pollutant emission (Figure 1 ). According to British Petroleum [BP] (2013) , in 2012, China is the largest consumer of coal in the world and also second largest consumer of crude oil with 50.3% and 12.1% of world total, respectively (see Table 1 ). Table 1 ). The growth of output and energy consumption has environmental consequences, with enormous increases during this period in pollutant emission. 
Scenario in China
Note: Real GDP is in billion US 2005$, coal, oil and renewables consumptions are in tonnes oil equivalent, carbon emission is in million tonnes carbon dioxide. Real GDP data is taken from World Development indicator; coal, oil, renewables consumption and emission are from BP.
According to Figure 2 , China's coal production and consumption have been pretty much equal over the years. However, the gap between China's oil consumption and production is increasing, resulting in an increasing trend in oil imports since 1993. With respect to pollutant emission, oil is a better alternative source of energy than coal. Hence, substitution between coal and oil may help reduce the rate of increase in pollution emissions.
Further, any substitution from both of these fossil fuels to renewable energy is truly welcome for its positive influence on pollution and exhaustion of non-renewable energy sources. China substantially subsidizes energy prices to end users (Haley and Haley, 2008) .
Chinese retail prices for energy products are regulated according to location and the type of consumers. The Government maintains domestic price ceilings on finished energy products that are not consistent with the soaring international energy prices over the past decade. In particular, oil refineries get government subsidies to ease the gulf between low domestic prices compared to international energy prices.
The Chinese government has prioritized the expansion of natural gas-fired and renewable power plants as well as the electricity transmission system to connect more remote power sources to population centers (EIA, 2014) . 
Evidence on Energy Consumption and Economic Growth
Since the seminal paper of Kraft & Kraft (1978) , literature on the energy consumption and growth nexus has been growing in all sorts of directions. The notion that energy consumption is one of the basic indicators of economic development has attracted economists from all over the world to investigate the relationship between energy consumption and economic growth (many studies are summarized in Tugcu et. al. (2012) ). Research on this issue has been aimed at providing policy guidelines in designing efficient energy conservation policies. Tugcu et. al. (2012) characterize the literature relating energy consumption to economic growth with four hypotheses about causality dynamics. The first hypothesis comprises studies that find that energy consumption leads to economic growth, the 'growth hypothesis', include Wolde-Rufael (2004) and others. Second, studies that find bi-directional causality, the 'feedback hypothesis', include Belke et. al. (2011) and Fuinhas & Marques (2012) . Uni-directional causality from economic growth to energy consumption, the 'conservation hypothesis', is found by Narayan & Smyth (2005) among others, while Stern (1993) , and others cannot find any causality at all, the 'neutrality hypothesis'. There are also studies that find mixed conclusions, like Asafu-Adjaye (2000) and Soytas & Sari (2006) .
Since the Stern (1993) paper that questions the appropriateness of a bivariate approach in the light of omitted variable problems, research in this area takes one of two basic approaches. First, a multivariate supply-side or production-side approach, with energy consumption, GDP, capital and labor as variables (for example, Stern, 1993 and Oh & . Second, a demand-side approach with energy consumption, GDP and prices (for example, Masih & Masih (1997) , Asafu-Adjaye (2000), Rafiq & Salim (2009) ).
In a recent paper, Apergis & Tang (2013) investigate the validity of the energy-led growth hypothesis using a different model specification and different stages of economic development for 85 selected countries around the globe. Overall, the authors find a systematic pattern, although the causality results are mixed among countries. In particular, the results for developed and developing countries provide more support the energy-led growth hypothesis compared to the less developed or low-income countries.
Early studies of energy consumption and growth in China are Ma et. al. (2008) and Wolde-Rufael (2009) , while two recent papers involving China are Zhang & Xu, (2012) and Shahbaz et. al. (2013) . Shahbaz et. al. (2013) 2008. In contrast to Shahbaz et. al. (2013) , the findings support the conservation hypothesis for China at both national and sectorial levels.
Interestingly, none of the above mentioned studies include carbon emission, even though carbon emission is an important by-product of energy consumption. However, the model of Govindaraju & Tang (2013) does include pollutant emission along with coal consumption and economic growth in China and India. They find strong evidence of unidirectional causality running from economic growth to CO 2 emissions in China in both the short and long run, while there is only a short-run uni-directional Granger causality running from economic growth to coal consumption in India. Bloch et. al. (2012) China.
The present article fills a gap in the existing literature by including coal, oil and renewable energy separately as well as together in the supply-side and demand-side models for China. Including coal, oil as well as renewable energy allows us to examine the causality for each energy input separately and also to investigate possible pollution reduction through fuel substitution from coal to oil and/or renewable energy. Further, this study employs both autoregressive distributed lag (ARDL) and Johansen vector error correction (VECM) models along with some recent techniques for checking the robustness of the results.
Theoretical Settings
This study analyzes the relationship between coal, oil and renewable energy consumption and economic activity from both supply-side and demand-side perspectives. For identifying fuel substitution possibilities, within each of the models we use two separate frameworks, one in which coal, oil and renewable energy consumption are included individually and another in which coal, oil and renewables are combined into a single energy measure.
The supply-side approach is based on an energy inclusive Cobb-Douglas type production function. The two supply-side models take the following multiplicative forms, =
and,
where, Y t indicates aggregate output at time t, K t is the flow of services provided by the existing capital stock, L t is the labour employed in production, A t is the level of technology, which is also the measure of total factor productivity, C t is coal consumption, O t is oil consumption, RE t is renewable energy consumpt ion and CORE t is the energy measure for combined coal, oil and renewable energy consumption. α, β, χ, γ, φ and ω are estimated parameters that measure the elasticity of output with respect to capital, labour, coal, oil, renewable energy and combined energy measure, respectively.
Studies using the demand-side approach mainly focus on estimating the impact of economic activities on energy consumption. As mentioned above, most of these studies adopt a tri-variate framework consisting of energy consumption, income and CPI, where CPI is used as a proxy for energy prices. Instead of CPI, we utilise prices for coal and oil.
Since there is a lack of renewable energy price data with respect to China for the whole studied period, we exclude the price of renewable energy. we combine all forms of energy consumption into a single index and use the combined price of coal and oil along with income and emissions variables.
The first demand-side model examines the relationship among aggregate output and coal consumption, oil consumption, renewable energy consumption or combined coal, oil and renewables within the following framework:
where, C t is coal consumption, O t is oil consumption, RE t i s r e n e w a b l e e n e r g y c o n s u m p t i o n , CORE t is combined oil, coal and renewables consumption, Y t is income, CP t is coal price, OP t is oil price and COP t is combined coal and oil price index and δ, ϴ, λ and υ are estimated parameters that measure the elasticity of aggregate output, coal price, oil prices and combined price index, respectively.
The second set of demand-side equations is for examining the dynamic relationship among carbon emissions, output, coal, oil, renewable energy and their combined consumption and is as follows:
where, E is carbon emission and ξ, П, ζ, ρ and Г are the elasticity of carbon emission with respect to output, coal, oil, renewable energy and combined energy consumption, respectively.
Data Sources and Analytical Framework
Data sources
We use annual data from 1977 to 2013 and 1965 to 2011 for the supply-side and demand-side analyses, respectively. The rationale behind selecting these periods is the availability of data.
Variables used in supply-side analysis are output, labor, capital, coal consumption, oil consumption, renewable energy consumption and combined energy consumption, while in the demand-side analysis the variables are income, coal consumption, oil consumption, renewable energy, combined energy consumption, coal price, crude oil price, combined coal and oil price index and carbon emissions. Since there are no renewable price data on China available over the studied period, we could not include the renewables price in our analyses. Appendix Figure 1a and 1b, respectively.
Analytical Framework
The empirical estimation is carried out with three objectives. First is to understand how the variables are linked in the long run; second is to find the dynamic causal relationship among the variables; and the third is to investigate the robustness of the causality directions and magnitudes. To achieve these objectives with robust results we employ the ARDL bound testing approach along with a dynamic vector error correction model that includes dummy variables for structural breaks. We further investigate long-run cointegrating relationships and causality dynamics among the variables through Johansen (1988) and Johansen & Juselius (1990) maximum likelihood co-integration tests.
Prior to implementing the model it is imperative to use unit-root tests to ensure first that the underlying data are non-stationary at level but become stationary at their first difference or I(1) and there exists at least one cointegrating relationship among variables.
Three of the most widely used unit-root tests are the Augmented Dicky-Fuller (ADF), Phillips Perron (PP) and Kwiatkowski-Phillips-Schmidt-Shin (KPSS) tests. All three tests are applied in this study. However, these standard tests may not be appropriate when the series contain structural breaks (Salim & Bloch, 2009) . Therefore, the data are also scrutinized for possible structural break(s) during the studied periods. Perron (1989) points out that ignoring structural breaks in the trend function leads to considerable power reduction of traditional unit-root tests. However, Perron's (1989) assumption of an unknown exogenous break point is criticized due of its tendency to favor the alternative hypothesis. The assumption of a single break point is criticized because of a loss of information from considering just one break instead of two, three or even more. We employ relatively new and more powerful methods of Strazicich (2003 and 2004 ) to test the existence of possible structural break(s).
Once the time-series properties of the variables are established, we perform the ARDL bounds testing approach in presence of structural break. This procedure has several advantages. It is flexible and applies regardless of the order of integration of the variables.
According to Pesaran & Shin (1999) , simulation results show that this approach is superior and delivers consistent results for even a small sample. 
where, Δ is the difference operator, T is time trend and D indicates common structural break point based on the findings of the Strazicich (2003 and 2004) tests.
Testing cointegration involves comparing the compound F-statistics with the upper critical bound (UCB) and lower critical bound (LCB) (Pesaran et. al. (2001) . The null Koop et. al. (1996) and Pesaran & Shin (1998) .
Empirical analysis
Time series properties of data
Prior to carrying out unit root tests for the variables, we first test for the appropriateness of the logarithmic transformation of each of the variables in Equations (1) variables are non-stationary at levels but stationary at their first differences. 6 We also employ Strazicich (2003 and 2004) tests for one and two structural breaks. The results of these tests are provided in Table 3 . Since the null cannot be rejected for most of the break dates (B t , B t1 and B t2 ), we conclude that all the series are non-stationary at level while stationary at their first differences. This confirms that all the variables in both the supply-side and demand-side models are integrated at I(1).
The break dates from both of the tests are pretty consistent with each other.
Hence, we take at least one statistically significant break date which is common from both the tests into our analysis. For output, coal consumption, oil consumption, renewable energy consumption, combined energy consumption, oil price, combined coal and oil price and pollutant emission the dates of the breaks lie around 2002, 1973, 2003, 1969, 1973, 1973 and 1997, respectively. 
Co-integration tests
As the variables are non-stationary in levels and stationary in first differences, both ARDL and Johansen (1988) and Johansen and Juselius (1990) maximum likelihood co-integration tests are employed to examine if the variables are cointegrated. ARDL test results are reported in Table 4 . This bound test is sensitive to lag length, so we use the Akaike Information Criteria (AIC) to determine the optimal lag lengths that are reported in column 2 of Table 4 . 7 According to ARDL results long-run cointegrating relationships exist among all the variables in every single equation. Results of Johansen & Juselius (1990) cointegration test are also reported in Appendix Table 2 to check the robustness of a long-run relationship. 8 We use the optimum lag lengths provided by AIC criterion. It is apparent from Appendix Table 2 that, for supply-side
Equations (1) and (2) there are at most 3 and 2 cointegrating relationships among the variables. For the demand-side Equations 3, 4, 5, 6, 7, and 8 there exist at most 1, 2, 2, 3, 2 and 3 cointegrating relationships, respectively. Hence, these results suggest that there are long-run equilibrium relationships among the variables in each of the eight equations.
Short-run and long-run estimates
The cointegrating relationships among the variables indicate the existence of both short-run and long-run relationships among the variables. The ARDL based estimates for both long and short runs are presented in Table 5 .
Results from both of the supply-side models indicate coal, oil and renewable energy consumptions are positively related to economic growth and the relationships are significant.
This implies that all the three energy sources play a vital role to enhance economic growth in With regards to the demand-side, in the long-run economic growth plays a vital role in coal, oil and renewables consumption separately as well as jointly. Hence, there exists a long-run bi-directional causality among aggregate output and coal or oil or renewable energy separately as well as their combined consumption. A 1% increase in output leads to 0.819, 1.572, 1.106 and 0.297% increase in coal, oil, renewables and combined consumption, respectively. The findings in Table 4 for cross-price elasticity in coal, oil and renewable energy consumption equations show clear prospects for fuel substitution. Oil price has a longrun elasticity of 2.316 with the coal consumption, while coal price has-long run elasticity of 1.972 with oil consumption. Further, coal and oil prices have positive elasticities of 2.711and
1.257, respectively, with renewable energy consumption. Hence, there exists clear opportunity of intra-fuel substitution among coal, oil and renewable energy in China. Most importantly, the large positive elasticity of renewable energy consumption to both coal and oil prices suggests a clear potential for reducing pollution emissions through raising the price of fossil fuels.
Negative coal and oil own-price elasticity suggest that the intensity of their separate use in production can be reduced through actions that raise their price in each case. The ownprice elasticity for coal is -0.848 and for oil is-1.762 in the long run. All the short-run causality directions are also consistent with long-run elasticities. Further, it is notable that combined use of coal, oil and renewable energy has no statistically significant relationship with the combined price index for coal and oil in either the short or long run. Thus, an increase in the price of either coal or oil apparently does not reduce overall energy consumption, suggesting that there need not be an adverse effect on economic growth from raising the price of either fossil fuel. The emission equations in the last two columns of Table 5 show how coal, oil and renewable energy consumption separately impact on emissions. In the second last column, coal consumption significantly increases pollutant emission in both the short run and the long run, while oil consumption only has a weak short-run impact on emission and no significant impact in the long run. Renewable energy has negative impact on pollution. In the short run there exists a unidirectional causality running from renewable energy to emission. These results clearly indicate that increased adoption of renewable energy in China can help reduce emission significantly both in short and long run. The last column indicates that combined energy consumption of all three types is positively and significantly related to emissions in both the short and long run. Clearly, it is changing the composition of energy consumption away from coal and towards oil and, especially, renewables that is the key to reducing emissions with reducing economic growth in China. there are no significant structural breaks in the effects of any of the variables during the sample periods for both supply-side and demand-side models (Appendix Table 3 ). These results further confirm that the ARDL estimates are reliable.
We implement a vector error correction (VECM) model to investigate the robustness of ARDL model and identify causal relationships in greater detail. Such knowledge is helpful in crafting appropriate energy policies for sustainable growth. Table 6 reports results for the direction of long-run and short-run causality.
The results are consistent with the findings of ARDL model. There exists bidirectional causality between growth and coal and/or oil and/or renewable energy consumption. Coal, renewable energy and combined coal-oil-renewable energy consumption
Granger cause pollution emission, but no significant causality is found from oil consumption to pollution. Koop et al. (1996) and Pesaran & Shin (1998) . A distinguishing feature of this approach is that the results from this analysis are invariant to the ordering of the variables entering the VAR system. The VECM results for supply-side and demand-side models are reported in Table 7 and Table 8 , respectively.
Variance decomposition gives proportion of the movement in the dependent variable that is due to its 'own' shocks versus shocks to the other variables. The results of variance decomposition in Table 7 Table 8 is similar to that observed for coal. After 5 years 63.2% variations in output is explained by its own innovations, while after 20 years this drops down to 19.4%. Shocks to coal-oilrenewables combined explain only 28.2% variations in 5 years, but increase to 64.6% after 20 years. With respect to the emission equations, most of the variations in emission can be explained by its own innovations and the innovations in coal consumption. In the first emission equation, coal consumption explains approximately 82.9% of the variations in emission after 5 years and after 20 years this is still almost 67.9%. In contrast, the impact of oil consumption is relatively small at any time horizon. These results further the argument that fuel substitution from coal to oil and/or renewable energy would lower pollution and enhance environmental sustainability.
Conclusions and Policy Implications
This paper investigates the relationship between a g g r e g a t e o u t p u t a n d e n e r g y According to the findings from both the supply-side and demand-side equations, there is long-run bi-directional causality between GDP and coal, oil and renewable energy consumption, separately or jointly, where GDP is a measure of aggregate output. Thus, it is difficult for China to reduce coal and oil consumption without adversely affecting national output. However, switching to greener energy sources might be possible. We find a strong prospect for fuel substitution from coal to oil and/or renewable energy in terms of positive cross-price elasticity in the demand equation for coal, oil and also for renewable energy. We also find negative own-price elasticity for each of coal, oil and their combination, suggesting the use of both fossil fuels falls with rising prices.
In support of the proposition that renewable energy or even oil consumption is less polluting than coal consumption, we find that there is unidirectional causality running from coal consumption to pollution emission, while the impact of oil consumption on emission is insignificant. The impact of renewable energy on pollution is significantly negative. . If coal ceases to be a 'cheap' source of energy through carbon pricing or other policies, then fuel substitution from coal to oil and/or renewables should be very much a reality. Also, raising the price of either coal or oil reduces their use and increases the use of renewable energy, further reducing carbon emissions. Overall, the message is clear that increased prices for fossil fuels would support enhancing the sustainability of further economic growth in China.
